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(54) Apparatus and method for optical modulation 



(57) An optical modulator (100) includes a phase 
modulator (102) configured to drive light with an NRZI- 
coded drive signal for phase modulation and an intensity 
modulator (103) to modulate the intensity of a phase- 



modulated NRZ I -coded optical signal received from the 
phase modulator (1 02). The operating point of the inten- 
sity modulator (103) is set such that the output of the 
intensity-modulated optical signal is eliminated when 
the NRZi-coded optical signal is not varied. 
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. Description 

[0001] This application is based upon and claims the 
benefit of priority from the prior Japanese Patent Appli- 
cation No. P2001 -294957, filed on September 26, 2001 
[0002] This invention relates to an apparatus for opti- 
cal modulation and a method of optical modulation. 
[0003] Current high-speed/high-density wavelength 
division multiplexing optical transmission systems pro- 
vide transmission equipment and intermediate repeat- 
ers with optical fiber amplifiers for the compensation of 
optical fiber loss and for the implementation of long-haul 
transmission. To achieve a larger span between inter- 
mediate repeaters while maintaining an appropriate sig- 
nal to noise ratio at a receiving end requires an increase 
in optical power supplied to an optical fiber. The increase 
in optical power supplied to an optical fiber, however, 
results in an increase in the nonlinear optical effects of 
the optical fiber on the transmission characteristics. Es- 
pecially in dense wavelength division multiplexing trans- 
missions, theeffect of XPM (Cross Phase Modulation) 
becomes a problem. XPM causes degradation in the 
waveforms of optical signals with different wavelengths 
propagating through an optical fiber, due to the interac- 
tion of the signals traveling through the optical fiber si- 
multaneously for a short period of time although at dif- 
ferent group velocities provided by dispersion. 
[0004] Much research on XPM-caused waveform 
degradation has been conducted. For example, a report 
by M. Suyama et at. shows that RZ (Return-to-Zero) 
codes are less degraded by XPM than NRZ (Non-Re- 
turn-to-Zero) codes (Optical Fiber Communication 
(OFC) 1996, Technical Document PD26-2). As demon- 
strated in this report, it has been found that RZ codes 
are suitable for long-haul transmission using optical fib- 
er amplifiers in high-speed/high-density wavelength di- 
vision multiplexing optical transmission systems. 
[0005] In this context, an optical modulator Including 
an NRZ/RZ converter for subjecting data signals and 
clock signals to NRZ/RZ conversion to provide RZ-cod- 
ed output signals and a drive circuit for driving an optical 
intensity modulator with the RZ-coded output signals as 
drive signals are used (Japanese Patent Lald-Open 
Publication No. 2001-147411). In this optical modulator, 
the optical intensity modulator modulates light received 
from an optical source with an RZ-coded drive signal to 
provide an RZ-coded optical signal. Such a convention- 
al optical modulator can provide an output of RZ-coded 
optical signals and is an effective solution to the XPM 
problem. 

[0006] In the conventional optical modulator, howev- 
er, in operating with RZ codes, the optical intensity mod- 
ulator, NRZ/RZ converter and drive circuit are required 
to have a large frequency bandwidth. Such a wideband 
optical intensity modulator requires a modulation volt- 
age higher than that of a narrowband optical intensity 
modulator for operation. Further, the drive circuit for driv- 
ing the wideband optical intensity modulator needs to 



operate at high speeds with a larger output amplitude 
value than that of a drive circuit for driving a narrowband 
optical intensity modulator. In short, a drive circuit with 
high voltage output is required. However, high-speed 
5 drive circuits tend to use smaller-sized transistors and 
have lower breakdown voltage. This results in technical 
difficulties in configuring a high-speed high-voltage-out- 
put drive circuit. 

[0007] Thus an apparatus and a method for optical 
io modulation for outputtlng RZ-coded optical signals as 
optical transmission signals to suppress degradation 
due to XPM, eliminating the need for an optical modu- 
lator to have a large frequency bandwidth, Is required. 
[0008] An object of the present Invention is to provide 
is an apparatus for optical modulation and a method of op- 
tical modulation which enable the output of an RZ-coded 
optical signal as an optical transmission signal to sup- 
press degradation due to XPM and eliminate the need 
for an optical modulator to have a large frequency band- 
so width. 

[0009] An optical modulator according to an aspect of 
the present invention comprises a phase modulator con- 
figured to drive light with an NRZI-coded drive signal for 
phase modulation and an intensity modulator to modu- 

25 late the intensity of a phase-modulated NRZI-coded op- 
tical signal received from the phase modulator. The op- 
erating point of the intensity modulator is set such that 
the output of the intensity-modulated optical signal is 
eliminated when the NRZI-coded optical signal is not 

30 varied. 

[0010] An NRZI (Non-Return-to-Zero-lnverted) code 
is a code generated in a feedback shift register repre- 
sented by generating polynomial X + 1 . An RZ (return- 
to-zero) code is a code of a type sending pulses shorter 
3$ than the bit time length of the code and returning to zero 
during the remaining time without sending any pulse. 
[001 1 ] In this optical modulator, the phase modulator 
drives light with an NRZI-coded drive signal to generate 
an NRZI-coded optical signal which is supplied to the 
intensity modulator. The Intensity modulator is prevent- 
ed from outputting an intensity-modulated optical signal 
when the received phase-modulated NRZI-coded opti- 
cal signal is not varied so that an optical signal output 
by the intensity modulator is an RZ-coded optical signal. 
The intensity modulator can thus output an RZ-coded 
optical signal as an optical signal sent out to an optical 
transmission path, preventing degradation due to XPM. 
The phase modulator is driven by an NRZI-coded drive 
signal, so that a frequency bandwidth required for the 
phase modulator is only approximately half the bit rate 
of a data signal by Nyquist theorem. The phase modu- 
lator thus does not need to have a large frequency band- 
width. 

[0012] FIG. 1 is a block diagram illustrating the con- 
figuration of an optical modulator according to a first em- 
bodiment of the present invention; 
[0013] FIG. 2 is a diagram illustrating the configura- 
tion of a Mach-Zehnder interferometer according to the 
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first embodiment of the present invention; 
[0014] FIG. 3 is a graph illustrating the relationship 
between the optical transmittance and the optical fre- 
quency of the Mach-Zehnder interferometer according 
to the first embodiment of the present Invention; 
[0015] FIG. 4 is a diagram illustrating the configura- 
tion of an NRZ/NRZI converter according to the first em- 
bodiment of the present invention; 
[0016] FIG. 5 is a diagram illustrating a data signal 
and an output signal according to the first embodiment 
of the present invention; 

[0017] FIG. 6 is a diagram illustrating the relationship 
between a drive signal for a phase modulator, an optical 
signal of the phase modulator, a first optical signal, a 
second optical signal, the phase difference between the 
first and second signals, and an optical signal of the 
Mach-Zehnder interferometer according to the first em- 
bodiment of the present invention; 
[0018] FIG. 7 is a graph illustrating the spectrum of an 
optical signal of the Mach-Zehnder interferometer ac- 
cording to the first embodiment of the present invention; 
[0019] FIG. 8 is a graph illustrating an eye diagram 
according to the first embodiment of the present inven- 
tion; 

[0020] FIG. 9 is a graph illustrating the relationship 
between a modulation bandwidth and the degradation 
of eye opening according to the first embodiment of the 
present invention; 

[0021] FIG. 1 0 is a block diagram illustrating the con- 
figuration of an optical modulator according to a second 
embodiment of the present invention; 
[0022] FIG. 1 1 is a diagram illustrating the configura- 
tion of a Mach-Zehnder interferometer according to the 
second embodiment of the present invention; 
[0023] FIG. 1 2 is a diagram illustrating the configura- 
tion of a temperature control circuit according to the sec- 
ond embodiment of the present invention; 
[0024] FIG. 1 3 is a block diagram illustrating the con- 
figuration of an optical modulator according to a third 
embodiment of the present invention; and 
[0025] FIG. 1 4 is a block diagram illustrating the con- 
figuration of an optical modulator according to a fourth 
embodiment of the present invention. 
[0026] With reference to the accompanying drawings, 
embodiments of the present invention will be described 
below. 

[First Embodiment] 

[0027] FIG. 1 is a block diagram illustrating the con- 
figuration of an optical modulator 1 00 according to a first 
embodiment. The optical modulator 1 00 includes an op- 
tical source 101 , a phase modulator 102, a Mach-Zeh- 
nder interferometer 1 03, an optical band-pass filter 1 04, 
an NRZ/NRZI converter 105, and a drive circuit 106. 
[0028] The optical source 101 outputs light 1 to an in- 
put of the phase modulator 1 02. The optical source 101 
may be, e.g., a semiconductor laser which oscillates in 



a single longitudinal mode. The phase modulator 102 
drives the light 1 received from the optical source 101 
with an NRZI-coded drive signal 6 for phase modulation. 
The phase modulator 102 is driven by the drive signal 
s 6 fed from the drive circuit 1 06 to the phase modulator 
102 for phase modulation. The phase modulator 102 
supplies an NRZI-coded optical signal 7 obtained by the 
phase modulation to an input of the Mach-Zehnder inter- 
ferometer 103. 

io [0029] The Mach-Zehnder interferometer 1 03 is an in- 
tensity modulator for modulating the intensity of the 
phase-modulated NRZI-coded optical signal 7 received 
from the phase modulator 102. The Mach-Zehnder 
interferometer 103 splits the optical signal 7 received 

is from the phase modulator 1 02 into a first optical signal 
and a second signal and combines the first and second 
optical signals for output. FIG. 2 is a diagram illustrating 
the configuration of the Mach-Zehnder interferometer 
103. The Mach-Zehnder interferometer 103 includes a 

so directional coupler 1 03a, a directional coupler 1 03b, an 
optical waveguide 103c, an optical waveguide 103d, 
and a phase adjuster 1 03f . 

[0030] The directional coupler 1 03a splits the optical 
signal 7 fed to the Mach-Zehnder interferometer 1 03 into 

25 the two optical waveguides 1 03c and 1 03d. Specifically, 
the directional coupler 103a branches the optical signal 
7 into a first optical signal to travel through the optical 
waveguide 1 03c and a second optical signal to travel 
through the optical waveguide 103d. Of the two optical 

30 waveguides 1 03c and 1 03d, the optical waveguide 1 03d 
is longer in length than the optical waveguide 103c by 
AL103e. 

[0031 ] The directional coupler 1 03b combines the first 
and second optical signals respectively transmitted 

35 through the two optical waveguides 1 03c and 1 03d to 
output an optical signal 11 . When the phase difference 
between the first and second optical signals supplied 
from the two optical waveguides 103c and 103d to the 
directional coupler 103b is 2kn + n/2 (k is an integer), 

to the directional coupler 1 03b transmits the optical signal 
1 1 for output, and when the phase difference is 2k* - nl 
2 (k is an integer), interrupts the optical signal 11 to elim- 
inate the output of the directional coupler 103b. 
[0032] With the intensity of the light 1 supplied from 

<5 the optical source 1 01 to the Mach-Zehnder interferom- 
eter 1 03 as Aq and with the intensity of the optical signal 
11 the Mach-Zehnder interferometer 103 outputs as A, 
the intensity A of the optical signal 1 1 the Mach-Zehnder 
interferometer 103 outputs may be represented by the 

50 following Equation (1): 

A _ ^H-CQS(PAL-Q-ny2) (1) 

55 [0033] In Equation (1 ) f p = (2 x n x f x n eJf /C 0 ) where 
f denotes a frequency of the optical source 101 , C 0 the 
speed of light, n efi an effective refractive index of the 
optical waveguides 103c and 103d. 
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[0034] In Equation (1), the value of pAL + <I> is a phase 
difference between the first and second signals supplied 
from the two optical waveguides 103c and 103d to the 
directional coupler 103b. AL is, as described above, a 
length by which the optical waveguide 1 03d is set longer 
than the optical waveguide 103c. In theory, a phase dif- 
ference between the first and second optical signals 
from the two optical waveguides 103c and 103d is rep- 
resented as PAL. In actuality, however, AL is provided 
only to the order of a few millimeters to a few tens of 
millimeters. It is impossible to preset AL to the order of 
a wavelength (microns) In order to provide a phase dif- 
ference PAL of a desired value. In short, AL cannot be 
initially set to the order of a wavelength (microns). 
[0035] For the above reason , the value of <D is adjust- 
ed to set the phase difference between the first and sec- 
ond signals from the two optical waveguides 103c and 
103d at a desired value. Thus the phase difference is 
practically represented as pA L + 4> as described above. 
<I> is therefore a parameter representing a portion of the 
phase difference being left without being represented 
by AL which cannot be initially set on the order of a wave- 
length (microns) for setting the phase difference be- 
tween the first and second optical signals from the two 
optical waveguides 103c and 103d. 
[0036] FIG. 3 is a graph illustrating the relationship 
between the optical transmittance and the optical fre- 
quency of the Mach-Zehnder interferometer 1 03 receiv- 
ing the light 1 directly from the optical source 1 01 without 
the input of the drive signal 6 for driving the phase mod- 
ulator 102 from the drive circuit 106 to the phase mod- 
ulator 102. FIG. 3 illustrates the biased state of the 
Mach-Zehnder interferometer 103. The ordinate of the 
graph shown in FIG. 3 represents the optical transmit- 
tance (A/Aq) of the Mach-Zehnder interferometer 1 03 
found from Equation (1). The abscissa represents the 
optical frequency of the light 1 . 

[0037] In FIG. 3, since the light 1 from the optical 
source 101 is directly supplied to the Mach-Zehnder 
interferometer 1 03, the intensity of light supplied to the 
Mach-Zehnder interferometer 1 03 is Aq and the optical 
transmittance is represented as A/Aq. In FIG. 3, the in- 
terval between the values of the optical frequency at 
which the optical transmittance is maximized is a Free 
Spectral Range (hereinafter referred to as "FSR") of the 
Mach-Zehnder interferometer 103. The FSR may be 
calculated from the relationship in the following Equa- 
tion (2) and represented by the following Equation (3): 



lun^f* FSR)AL 2nn eff fAL 

7=* ~ = 2 71 



(2) 



(3) 



[0038] The phase adjuster 1 03f adjusts the phase dif- 



ference between the first and second optical signals 
supplied from the two optical waveguides 103c and 
1 03d to the directional coupler 1 03b. The adjustment of 
the phase difference is performed such that the operat- 

$ ing point of the Mach-Zehnder Interferometer 1 03 is set 
to cause elimination of output when the phase of the NR- 
Zl-coded optical signal 7 is not varied. As described 
above, the directional coupler 103b transmits and out- 
puts the optical signal 11 when the phase difference be- 

10 tween the first and second optical signals from the two 
optical waveguides 1 03c and 103d is 2kic + rc/2 (k is an 
integer), and Interrupts the optical signal 11 to cause 
elimination of the output of the directional coupler 1 03b 
when the phase difference is 2kjr - rU2 (k is an integer). 

f* The phase adjuster 103f thus adjusts the phase differ- 
ence to 2kn - it/2 (k is an integer) when the phase of the 
NRZI-coded optical signal 7 is not varied. 
[0039] As described above, the phase difference is 
represented as pAL + <I> and AL is predetermined. The 
20 phase adjuster 103f thus adjusts <t> as the adjustment 
of the phase difference. The phase adjuster 103f may 
be, e.g., a heater, and is provided at the midpoint of the 
optical waveguide 103d. The heater as the phase ad- 
juster 103f adjusts the temperature of the optical 
25 waveguide 1 03d to expand or contract in length the op- 
tical waveguide 103d, adjusting <i> for the adjustment of 
the phase difference. 

[0040] The NRZ/NRZI converter 1 05 is an electric cir- 
cuit for converting an NRZ-coded data signal 2 supplied 

30 to the optical modulator 1 00 Into an NRZI-coded output 
signal 5. An NRZ (Non-Return-to-Zero) code is a code 
of a type successively sending pulses during its time 
length without returning to volt zero. The NRZ/NRZI con- 
verter 105 uses a clock signal 3 supplied to the NRZ/ 

35 NRZI converter 105 for code conversion. 

[0041] FIG. 4 is a diagram illustrating the configura- 
tion of the NRZ/NRZI converter 105. The NRZ/NRZI 
convener 105 includes an Exclusive-OR circuit (herein- 
after referred to as an "EX-OR circuit") 105a and a 1 -bit 

40 delay circuit 105b. The 1-bit delay circuit 105b delays 
the output signal 5 from the NRZ/NRZI converter 1 05 by 
1 bit. The 1-bit delay circuit 105b may be implemented 
by, e.g., a flip-flop circuit using the clock signal 3 as a 
timing signal. In this embodiment, the initial value of the 

45 1-blt delay circuit 105b is zero. The 1-bit delay circuit 
1 05b supplies a 1 -bit delayed signal 4 of the output sig- 
nal 5 from the NRZ/NRZI converter 105 delayed by 1 
bit, to an input of the EX-OR circuit 1 05a. 
[0042] The EX-OR circuit 1 05a performs an exclusive 

so OR operation on the data signal 2 supplied to the optical 
modulator 100 and on the 1-bit delayed signal 4 of the 
output signal 5 from the NRZ/NRZI converter 105 de- 
layed by 1 bit. The result of the operation is the output 
signal 5 of the NRZ/NRZI converter 105. The EX-OR 

55 circuit 1 05a outputs "0" as the operation result when the 
data signal 2 and the 1 -bit delayed signal 4 have the 
same value and "1° when the signals 2 and 4 have dif- 
ferent values. Since the initial value of the 1-bit delay 
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circuit 1 05b is n 0 n as described above, the EX-OR circuit 
105a performs an exclusive OR operation on the initial 
value U 0 W and the data signal 2 first (when no output sig- 
nal 5 is yet sent). 

[0043] FIG. 5 is a diagram illustrating the data signal 
2 supplied to the NRZ/NRZI converter 1 05 and the out- 
put signal 5 output by the NRZ/NRZI converter 105. In 
this embodiment, a bit string of "01 011001° is used as 
the data signal 2. When the data signal 2 is supplied to 
the NRZ/NRZI converter 1 05, an NRZI-coded bit string 
of "01 101 110" is obtained as the output signal 5. With 
the bit string of the data signal 2 supplied to the NRZ/ 
NRZI converter 105 as x(n), and with the bit string of the 
output signal 5 output by the NRZ/NRZI converter 1 05 
as y(n), the operation performed by the NRZ/NRZI con- 
verter 105 may be represented by the following Equa- 
tion (4): 



y(n)=[y(n-1) + x(n)] 



(4) 



[0044] The calculation of Equation (4) is performed 
with mod 2 operation. The mod 2 operation Is an oper- 
ation based on 0 + 0 = 0,1+0=1,0+1=1 and 1+1=0. 
[0045] The drive signal 6 output by the drive circuit 
106 drives the phase modulator 102. The drive circuit 
106 is an electric circuit for amplifying an electric signal 
received from the NRZ/NRZI converter 105, that is, the 
NRZI-coded output signal 5. The drive circuit 1 06 drives 
the phase modulator 1 02 with the NRZI-coded drive sig- 
nal 6 of the amplified output signal 5. As described 
above, the phase modulator 1 02 driven by the drive sig- 
nal 6 modulates the light 1 received from the optical 
source 101 to output the optical signal 7. The optical 
signal 7 obtained by the modulation at the phase mod- 
ulator 1 02 may be represented by the following Equation 
(5): 



T^cos (2nft + nrp + <|> 0 ) 



(5) 



[0046] In Equation (5), V is a drive voltage of the 
phase modulator 102, V R Is a half-wavelength voltage 
of the phase modulator 102, <|> 0 is an initial phase, and 
t is a time. The drive circuit 106 is not necessarily re- 
quired to output maximum V re . 

[0047] The phase modulator 1 02 is thus driven by the 
NRZI-coded drive signal 6. The drive circuit 1 06 for driv- 
ing the phase modulator 102 amplifies the NRZI-coded 
output signal 5. The NRZ/NRZI converter 105 outputs 
the NRZI-coded output signal 5. Thus a general fre- 
quency bandwidth required for the combination of the 
phase modulator 102, drive circuit 106 and NRZ/NRZI 
converter 105 is only B/2 (Hz) with the bit rate of the 
data signal 2 as B (b/s) by Nyquist theorem. To obtain 
the RZ-coded optical signal 11 at a bit rate of, e.g., 40 
Gbit/sec, a frequency bandwidth required for the phase 



modulator 102 is only approximately 20 GHz. 
[0048] The phase modulator 1 02 thus does not need 
to have a large frequency bandwidth and does not need 
a high modulation voltage. Since the phase modulator 

5 1 02 does not need to have a large frequency bandwidth, 
the drive circuit 1 06 for driving the phase modulator 1 02 
does not need to be both high-speed and have a high- 
voltage output. This eliminates the problem of difficulty 
in configuring a high-speed, high-voltage output drive 

10 circuit in terms of breakdown voltage. 

[0049] Now, with reference to FIG. 6, a method of 
modulating the light 1 supplied from the optical source 
1 01 using the drive circuit 1 06, the phase modulator 1 02 
and the Mach-Zehnder interferometer 103 will be de- 

15 scribed. FIG. 6 is a diagram illustrating the relationship 
between the drive signal 6 of the drive circuit 106 for 
driving the phase modulator 102, the phase of the 
phase-modulated optical signal 7 output by the phase 
modulator 1 02, the phases of the first and second optical 

20 signals 8 and 9 immediately before being supplied from 
the two optical waveguides 1 03c and 1 03d inside the 
Mach-Zehnder interferometer 1 03 to the directional cou- 
pler 1 03b f that is, the phases of the first and second op- 
tical signals 8 and 9 output by the optical waveguides 

25 103c and 103d, the phase difference 10 between the 
first and second optical signals 8 and 9, and the intensity 
of the optical signal 11 output by the Mach-Zehnder 
interferometer 103. 

[0050] With reference to FIG. 6 and for ease of de- 

30 scription, the FSR of the Mach-Zehnder interferometer 
1 03 is set at the inverse 1/T of 1 bit time slot T of the 
data signal 2 supplied to the NRZ/NRZI converter 105. 
The waveform of the drive signal 6 for driving the phase 
modulator 102 is a triangular waveform. The difference 

35 in time between the output of the optical signal 7 from 
the phase modulator 102 and the output of the optical 
signal 11 from the Mach-Zehnder interferometer 103 is 
O. Specifically, as shown in FIG. 6, the optical signals 7 
and 1 1 are assumed to be sent out in the same time slot. 

^0 in actuality, there is a delay by a period of time during 
which the optical signal 7 is transmitted through the 
Mach-Zehnder interferometer 1 03 and the same time 
slot outputs as shown in FIG. 6 do not occur. As a bit 
string of the output signal 5 output by the NRZ/NRZI con- 

45 verier 105, "011 01110" shown in FIG. 5 is used here. 
[0051] The waveform of the drive signal 6 shown in 
FIG. 6 is a signal waveform for driving the phase mod- 
ulator 102. The drive signal 6 is an NRZI-coded electric 
signal of the amplified output signal 5. As described 

50 above, the waveform of the drive signal 6 is assumed to 
be a triangular waveform with its voltage varying in 
ramps. That is, the voltage waveform linearly rises from 
the code G 0 U to "1 B and linearly falls from the code "1 " to 
"0.* Here °0" indicates voltage 0 and "1" the half -wave 

55 length voltage V* of the phase modulator 102. 

[0052] The waveform of the optical signal 7 shown in 
FIG. 6 is the waveform of the phase of the phase-mod- 
ulated optical signal 7 output by the phase modulator 
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t 1 02. The waveform of the optical signal 7 is obtained by 
driving the light 1 supplied from the optical source 101 
to the phase modulator 1 02 by the drive signal 6 shown 
in FIG. 6. This waveform represents the phase of the 
optical signal 7 represented by the above Equation (5). 
Here the initial phase <j> 0 in Equation (5) is assumed as 
0 for convenience of description. The phase of the op- 
tical signal 7 changes, as shown in FIG. 6, from phase 
0 to 71 or from n to 0 in a sine wave. 
[0053] The waveforms of the first and second optical 
signals 8 and 9 shown in FIG. 6 represent the phases 
of the first and second optical signals 8 and 9 the two 
optical waveguides 1 03c and 1 03d of the Mach-Zehnder 
interferometer 103 output, respectively. The first and 
second optical signals 8 and 9 are obtained by branch- 
ing the optical signal 7 shown in FIG. 6 received from 
the phase modulator 102. As shown in FIG. 6, the sec- 
ond optical signal 9 the optical waveguide 1 03d outputs 
is delayed by 1 time slot as compared with the first op- 
tical signal 8 output by the optical waveguide 103c. In 
other words, the second optical signal 9 output by the 
optical waveguide 1 03d is delayed by 1 bit as compared 
with the optical signal 8 output by the optical waveguide 
103c. 

[0054] The phase of the first optical signal 8 output by 
the optical waveguide 1 03c is the same as the phase of 
the optical signal 7 and varies between phase 0 and n. 
The phase of the second optical signal 9 output by the 
optical waveguide 103d is varied between n/2 and 3n/2 
as shown in FIG. 6. This is because the phase adjuster 
1 03f adjusts the above described value <1> such that the 
phase of the second optical signal 9 the optical 
waveguide 103d outputs varies between n/2 and 3n/2. 
The first optical signal 8 is set to have the same phase 
as that of the optical signal 7 so as to vary between 
. phase 0 and n and the value of 4> is adjusted to cause 
the phase of the second optical signal 9 to vary between 
n/2 and 3n/2 for the adjustment of the phase difference 
between the first and second optical signals 8 and 9. 
The phase of the first bit of the second optical signal 9 
the optical waveguide 1 03d of the Mach-Zehnder inter- 
ferometer 103 outputs is assumed to be n/2. 
[0055] The phase difference 1 0 of the optical signals 
shown in FIG. 6 is the phase difference between the first 
optical signal 8 the optical waveguide 103c outputs and 
the second optical signal 9 output by the optical 
waveguide 1 03d. More specifically, the phase difference 
1 0 is a waveform representing the phase difference be- 
tween the first and second optical signals 8 and 9 sup- 
plied from the two optical waveguides 1 03c and 1 03d to 
the directional coupler 103b of the Mach-Zehnder inter- 
ferometer 103. As shown in FIG. 6, the value of the 
phase difference 1 0 ranges between +n/2 and -3n/2 with 
-n/2 as the center. As described above, the phase of the 
first optical signal 8 is set to vary between phase 0 and 
it, the phase of the second optical signal 9 is set to vary 
between n/2 and 3n/2, and the second optical signal 9 
is delayed by 1 bit as compared with the optical signal 



8, so that the phase difference 10 between the first and 
second optical signals 8 and 9 is adjusted to -n/2 when 
the phase of the NRZI-coded optical signal 7 is not var- 
ied. Specifically, when the phase of the NRZI-coded op- 
5 tical signal 7 is not varied with the succession of "1 ," for 
example, the phase difference 10 is adjusted to -tc/2. 
[0056] The waveform of the optical signal 11 shown 
in FIG. 6 is a waveform representing the intensity of the 
optical signal 11 output by the Mach-Zehnder interfer- 
10 ometer 1 03. The intensity of the optical signal 1 1 output 
by the Mach-Zehnder interferometer 1 03 is derived from 
Equation (1). As a result, when the phase difference 10 
between the first and second optical signals 8 and 9 is 
-n/2, the optical signal 11 of the Mach-Zehnder interfer- 
es ometer 1 03 is interrupted and the output of the optical 
signal 11 is 0 (eliminated). When the phase difference 

10 is +n/2 or -3n/2, the Mach-Zehnder interferometer 
103 transmits the optical signal 11 and the output of the 
optical signal 1 1 is 1 (output). Thus the waveform of the 

20 optical signal 11 the Mach-Zehnder interferometer 103 
outputs is as shown in FIG. 6. 

[0057] Here the phase of the NRZI-coded optical sig- 
nal 7 supplied from the phase modulator 102 to the 
Mach-Zehnder interferometer 1 03 is compared with the 

25 optical signal 11 output by the Mach-Zehnder interfer- 
ometer 1 03. When the phase of the NRZI-coded optical 
signal 7 Is not varied with the succession of "1 ," for ex- 
ample, the output of the optical signal 11 is "0" and elim- 
inated. When the optical signal 7 varies from "0 U to "1 M 

30 or from "1° to "0," the output of the optical signal 11 is 
T and transmitted. 

[0058] Thus adjusting the phase difference 10 be- 
tween the first and second optical signals 8 and 9 to -n/ 
2 when the phase of the NRZI-coded optical signal 7 is 
35 not varied allows the setting of the operating point of the 
Mach-Zehnder interferometer 103 such that the output 
of the Mach-Zehnder interferometer 103 is eliminated 
when the phase of the NRZI-coded optical signal 7 is 
not varied. Thus the operating point of the Mach-Zeh- 
nder interferometer 103 is easily set by the provision of 
the phase adjuster 103f to the optical waveguide 103d 
for the adjustment of the phase difference 10. 
[0059] The reason why for first bit of the optical signal 

11 that the Mach-Zehnder interferometer 103 outputs, 
that is, the head of the bit string of the optical signal 11 
being n 0 M is that the phase of the second optical signal 
9 that the optical waveguide 1 03d of the Mach-Zehnder 
interferometer 103 outputs is assumed to be tc/2. The 
second optical signal 9 that the optical waveguide 1 03d 
of the Mach-Zehnder Interferometer 1 03 outputs is 1 -bit 
delayed from the first optical signal 8 output by the op- 
tical waveguide 1 03c. Thus the first bit of the optical sig- 
nal 9 may be 3n/2 instead of n/2. In this case, the first 
bit of the optical signal 11 that the Mach-Zehnder inter- 
ferometer 1 03 outputs is "1 ." 

[0060] Thus setting the operating point of the Mach- 
Zehnder interferometer 103 such that the output of the 
Mach-Zehnder interferometer 103 is eliminated when 
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m the NRZI-coded optical signal 7 is not varied causes an 
RZ-coded waveform of the optical signal 11 to be output 
by the Mach-Zehnder Interferometer 1 03 with a bit string 
of "01011001" as shown in FIG. 6. This bit string is the 
same as the bit string of the NRZ-coded data signal 2 5 
before being code-converted by the NRZ/NRZI convert- 
er 105 shown in FIG. 5. The optical modulator 100 thus 
obtains the RZ-coded optical signal 11 from the NRZ- 
coded data signal 2 supplied to the optical modulator 
1 00 without changing the bit string of the data signal 2. 10 
The optical modulator 1 00 outputs the RZ-coded optical 
signal 1 1 , thereby suppressing degradation due to XPM. 
[0061] In the above description according to FIG. 6, 
the FSR of the Mach-Zehnder interferometer 1 03 is set 
at the inverse 1>T of 1 bit time slot T of the data signal 15 
2 supplied to the NRZ/NRZI converter 105 and the sec- 
ond optical signal 9 is delayed by 1 bit as compared with 
the first optical signal 8 for convenience of description. 
The delay of the second optical signal 9 from the first 
optical signal 8 is not limited to 1 bit. The delay of the 20 
second optical signal 9 from the first optical signal 8 may 
be unless exceeding 1 bit. When the Mach-Zehnder 
interferometer 1 03 delays the second optical signal 9 by 
less than 1 bit as compared with the first optical signal 
8, the interference noise of the output optical signal 1 1 25 
becomes less than In the case of a 1-bit delay. 
[0062] The Mach-Zehnder interferometer 103 then 
outputs the optical signal 11 to an input of the optical 
band-pass filter 104. The optical band-pass filter 104 
spectrally narrows the optical signal 11 received from 30 
the Mach-Zehnder Interferometer 103. The insertion of 
the optical band-pass filter 1 04 next to the Mach-Zeh- 
nder interferometer 1 03 allows the wavelength of the op- 
tical signal 11 to be made compact, substantially avoid- 
ing the effects of optical fiber chromatic dispersion. 35 
When the optical modulator 100 is used as an optical 
modulator for wavelength division multiplexing systems, 
the optical band-pass filter 104 prevents influence on 
adjacent wavelength channels. The optical band-pass 
filter 104 may be a dielectric multilayer filter, a fiber 40 
Bragg grating filter, a circulated grating filter or a Fabry- 
Perot interferometer filter. 

[0063] When the optical modulator 1 00 is used as an 
optical modulator for wavelength division multiplexing 
systems, a multiplexer (hereinafter referred to as a 4$ 
"MUX") for wavelength-multiplexing may be used as the 
optical band-pass filter 104. This is because a wave- 
length-multiplexing MUX has band-pass filter character- 
istics and these characteristics can be utilized. With this, 
the optical signal 1 1 that the Mach-Zehnder interferom- so 
eter 103 outputs is directly supplied to an input of the 
wavelength-multiplexing MUX, eliminating the need for 
providing a band-pass filter to the optical modulator 1 00. 
[0064] Now simulations performed by the inventors 
will be described. 55 



[Simulation 1] 

[0065] In a simulation performed, an NRZ-coded 
64-bit string of 

"1010010010101010000100101101110010001010111 
010111110011011 010010° is supplied as the data sig- 
nal 2 to the optical modulator 100. For the parameters 
of the simulation, the bit rate of the NRZ-coded data sig- 
nal 2 is set at 40 Gbit/sec, the degree of modulation of 
the phase modulator 102 Is set at 50% (driven to V„/2), 
and the FSR of the Mach-Zehnder interferometer 1 03 is 
set at 40 GHz. FIG. 7 is a graph illustrating the spectrum 
of the optical signal 11 the Mach-Zehnder Interferometer 
1 03 outputs as the result of the simulation. The ordinate 
of the graph shown in FIG. 7 represents the output 
(dBm) of the optical signal 11 that and the abscissa in- 
dicates the optical frequency (GHz). The center value 0 
of the abscissa represents 1 93.4 THz. 
[0066] As shown in FIG. 7, the spectrum of the optical 
signal 11 supplied from the Mach-Zehnder interferom- 
eter 1 03 to the band-pass filter 1 04 shows the existence 
of an upper sideband and a lower sideband. The optical 
signal 11 has an optical carrier wave (optical carrier) 
suppressed. The optical modulator 100 thus provides 
the RZ-coded optical signal 11 with a suppressed carri- 
er. A modulation scheme for obtaining such a carrier- 
suppressed RZ-coded optical signal is called a CS-RZ 
(Carrier-Suppressed Return-to-Zero) scheme. The 
CS-RZ modulation scheme provides the effect of reduc- 
ing receiver sensitivity degradation due to nonlinear op- 
tical effects, even with a high optical power input to the 
optical fibers. 

[0067] Conventional optical modulators adopting the 
CS-RZ modulation scheme include one with two Mach- 
Zehnder intensity modulators connected in series. This 
conventional apparatus first obtains an NRZ-coded op- 
tical signal by an upstream Mach-Zehnder intensity 
modulator. The conventional apparatus then drives a 
downstream Mach-Zehnder intensity modulator with a 
clock signal of a frequency half the bit rate of a data sig- 
nal. At that time, the conventional apparatus sets the 
operating point of the Mach-Zehnder intensity modula- 
tor to output no optical signal when the drive voltage is 
0. The conventional apparatus drives the downstream 
Mach-Zehnder intensity modulator when the optical 
transmrttance characteristics of the Mach-Zehnder in- 
tensity modulator are a quadratic function to obtain a 
carrier-suppressed RZ-coded optical signal. Conven- 
tional apparatus requires strict agreement between the 
phases of two Mach-Zehnder intensity modulators and 
needs two Mach-Zehnder intensity modulators, result- 
ing In a complicated configuration. However the optical 
modulator 100 implements the CS-RZ modulation 
scheme with a simple configuration of the combination 
of the phase modulator 102 and the Mach-Zehnder 
interferometer 1 03. The optical modulator 1 00 easily ob- 
tains the effect of reducing receiver sensitivity degrada- 
tion due to nonlinear optical effects even with a high op- 
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. tical power input to optical fibers. 
[Simulation 2) 

[0068] In another simulation, a super Gaussian bi- 
quadratic fitter is used as the band-pass filter 104 and 
an optical signal output by the optical band-pass fitter 
1 04 is converted into an eiectric signal to display an eye 
diagram. The full width at half value of the super Gaus- 
sian biquadratic filter is set at 80 GHz. The super Gaus- 
sian biquadratic filter causes the center frequency of the 
optical band-pass filter 104 to substantially agree with 
the oscillation wavelength of the optical source 1 01 and 
substantially agree with the frequency of the light 1 that 
the optical source 1 01 outputs, and transmits both mod- 
ulated spectral sidebands. FIG. 8 is a graph illustrating 
an eye diagram resulting from the simulation. The ordi- 
nate shown in FIG. 8 is an arbitrary axis and the abscis- 
sa is a time (ps). 

[0069] As shown in FIG. 8, the optical modulator 1 00 
provides a normal eye diagram and a substantially RZ- 
coded electrical signal even after the spectral narrowing 
by the optical band-pass filter 1 04. The center frequency 
of the optical band-pas fitter 104 is caused to substan- 
tially agree with the frequency of the light 1 that the op- 
tical source 101 outputs and both modulated spectral 
sidebands (upper and lower sides) are transmitted, so 
that the optical modulator 100 achieves the modulation 
of a Double SideBand scheme (hereinafter referred to 
as a "DSB scheme"). The modulation in the DSB 
scheme has an advantage of facilitated demodulation. 

[Simulation 3] 

[0070] Now comparison is made in a required fre- 
quency bandwidth between a conventional optical mod- 
ulation method using a conventional optical modulator 
which uses an NRZ-RZ converter to directly obtain an 
RZ-coded optical signal with a drive circuit and an opti- 
cal intensity modulator operated by an RZ code and the 
optical modulation method using the optical modulator 
1 00 according to the present embodiment which obtains 
the RZ-coded optical signal 11 with the NRZ-NRZI con- 
verter 105, drive circuit 106, phase modulator 102 and 
Mach-Zehnder interferometer 1 03. For this purpose, the 
relationship between a general modulation bandwidth 
(general frequency bandwidth) of the optical intensity 
modulator and the drive circuit of the conventional opti- 
cal modulator and the eye opening at a receiver, and the 
relationship between a general modulation bandwidth 
(general frequency bandwidth) of the phase modulator 
1 02 and the drive circuit 1 06 of the present embodiment 
and the eye opening at a receiver are simulated. 
[0071] FIG. 9 is a graph illustrating, as a result of the 
simulation, the relationship between the modulation 
bandwidth and the degradation in eye opening. In the 
graph shown in FIG. 9, the abscissa represents a nor- 
malized modulation bandwidth f/B with a general mod- 



ulation bandwidth (3 dB degraded frequency) f divided 
by bit rate B of the data signal 2. With the eye opening 
at the receiver when f/B = 1 as the reference (OdB), the 
ordinate represents the degradation of the eye opening 

5 from the reference. The words "eye opening" mean the 
ratio of the difference in value between the maximum 
and minimum values of an output waveform and the 
maximum value of the eye opening of the eye diagram. 
[0072]. As shown in FIG. 9, in the optical modulation 

io method using the optical modulator 100 according to 
this embodiment, the general modulation bandwidth (3 
dB degraded frequency) of the phase modulator 102 
and the drive circuit 1 06 needs a frequency only approx- 
imately half the bit rate of the data signal 2. In the con- 

*5 ventional optical modulation method using the conven- 
tional optical modulator, the general modulation band- 
width (3 dB degraded frequency) needs a frequency ap- 
proximately equal to the bit rate of the data signal 2. 

20 [Second Embodiment] 

[0073] FIG. 1 0 is a block diagram illustrating the con- 
figuration of an optical modulator 200 according to a 
second embodiment. The optical modulator 200 in- 

25 eludes an optical source 201 , a phase modulator 202, 
a Mach-Zehnder interferometer 203, an optical band- 
pass filter 204, an NRZ-NRZI converter 205, a drive cir- 
cuit 206, an O/E converter 207, and a temperature con- 
trol circuit 208. In FIG . 1 0, the optical source 20 1 , phase 

30 modulator 202, optical band-pass filter 204, NRZ-NRZI 
converter 205 and drive circuit 206 are substantially 
identical to the optical source 101, phase modulator 
102, optical band-pass filter 104, NRZ-NRZI converter 
105 and drive circuit 106 of the optical modulator 100 

3S shown in FIG. 1 and will not be described herein. 

[0074] FIG. 11 is a diagram illustrating the configura- 
tion of the Mach-Zehnder interferometer 203. The 
Mach-Zehnder interferometer 203 includes directional 
couplers 203a and 203b, optical waveguides 203c and 

40 203d, and first and second output ports 203f and 203g. 
The directional coupler 203a and the optical waveguide 
203c are substantially identical to the directional coupler 
1 03a and the optical waveguide 1 03c of the Mach-Zeh- 
nder interferometer 103 shown in FIG. 2, and will not be 

45 described herein. 

[0075] The optical waveguide 203d is set longer in 
length than the optical waveguide 203c by AL203e. The 
directional coupler 203b is connected to the first and 
second output ports 203f and 203g and supplies optical 

so signals thereto. The directional coupler 203b combines 
first and second optical signals 8 and 9 transmitted 
through the two optical waveguides 203c and 203d and 
supplies a combined optical signal 11 to the first output 
port 203f . The directional coupler 203b supplies the sec- 

55 ond output port 203g with an optical signal 12 which Is 
complementary to the optical signal 11 supplied to the 
first output port 203f. 

[0076] The first output port 203f outputs the optical 
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. signal 11 of the combined first and second optical sig- 
nals 8 and 9 respectively transmitted through the optical 
waveguides 203c and 203d. The optical signal 11 is 
identical to the optical signal 1 1 output by the Mach-Zeh- 
nder interferometer 1 03 shown in FIG. 2 outputs and has 5 
a bit string of "01 01 1 001 .* The second output port 203g 
outputs the optical signal 1 2 complementary to the op- 
tical signal 1 1 that the first output port 203f outputs. The 
optical signal 1 2 is in a complementary relationship with 
the optical signal 1 1 . The temperature control circuit 208 10 
uses the optical signal 12 to control the temperature of 
the Mach-Zehnder interferometer 203. 
[0077] The sum of power of the optical signals 1 1 and 
12 output by the first and second output ports, respec- 
tively, is always constant. The first output port 203f sup- 15 
plies the optical signal 11 to the optical band-pass filter 
204. The second output port 203g supplies the optical 
signal 1 2 to the O/E converter207. Since the Mach-Zeh- 
nder interferometer 203 includes the first and second 
output ports 203f and 203g, the first output port 203f out- 20 
puts the optical signal 11 and the second output port 
203g outputs the optical signal 1 2 to be used for the tem- 
perature control of the Mach-Zehnder interferometer 
203. The O/E converter 207 converts the optical signal 
12 received from the second output port 203g into an 25 
electric signal 13. The O/E converter 207 supplies the 
resulting electric signal 1 3 to the temperature control cir- 
cuit 208. 

[0078] The temperature control circuit 208 generates 
a temperature control signal 1 6 using the electric signal 30 
13, The temperature control circuit 208 supplies the 
temperature control signal 16 to the Mach-Zehnder 
interferometer 203 to control the temperature of the en- 
tire Mach-Zehnder interferometer 203. Controlling the 
temperature of the Mach-Zehnder interferometer 203 35 
using the temperature control circuit 208 enables the ad- 
justment of the above-described 4>. As described above, 
the phase difference 1 0 between the first and second 
optical signals 8 and 9 from the optical waveguides 203c 
and 203d is represented as p AL + O, and AL is prede- «o 
termined. The temperature control circuit 208 is thus a 
temperature controller for controlling the temperature of 
the Mach-Zehnder interferometer 203, adjusting <D, and 
thereby adjusting the phase difference 1 0. 
[0079] The temperature control circuit 208 adjusts the <*5 
phase difference 1 0, setting the operating point of the 
Mach-Zehnder interferometer 203 such that the output 
of the optical signal 11 the first output port 203f outputs 
is eliminated when the phase of the NRZI-coded optical 
signal 7 is not varied. As described above, the direction- so 
al coupler 203b transmits the optical signal 11 to output 
the optical signal 11 to the first output port 203f when 
the phase difference between the first and second opti- 
cal signals 8 and 9 from the optical waveguides 203c 
and 203d is 2kn + n/2 (k is an integer), and interrupts 55 
the optical signal 11 so that the output of the first output 
port 203f is eliminated when the phase difference is 2kn 
- 71/2 (k is an integer). 



[0080] The temperature control circuit 208 controls 
the temperature of the Mach-Zehnder interferometer 
203, adjusting <t> to provide the phase difference of 2kn 
- n/2 (k is an integer) when the phase of the NRZI-coded 
optical signal 7 is not varied. The provision of the tem- 
perature control circuit 208 to adjust the phase differ- 
ence 10 facilitates the setting of the operating point of 
the Mach-Zehnder interferometer 203 such that the out- 
put of the optical signal 11 from the first output port 203f 
is eliminated when the phase of the NRZI-coded optical 
signal 7 is not varied. 

[0081 ] When the temperature control circuit 208 con- 
trols the temperature of the Mach-Zehnder interferom- 
eter 203, adjusting O, and thereby adjusting the phase 
difference 10 to cause elimination when the phase of 
the NRZI-code optical signal 7 is not varied, the intensity 
of the optical signal 12 the second output port 203g out- 
puts is maximum. Controlling the temperature of the 
Mach-Zehnder interferometer 203 using the tempera- 
ture control circuit 208 to maximize the intensity of the 
optical signal 12 output by the second output port 203g 
allows the setting of the operating point of the Mach- 
Zehnder interferometer 203 to provide the phase differ- 
ence of -n/2 and elimination when the phase of the NR- 
ZI-coded optical signal 7 is not varied. 
[0082] Thus preventing the first output port 203f of the 
Mach-Zehnder interferometer 203 from outputting of the 
optical signal 11 when the phase-modulated NRZI-cod- 
ed optical signal 7 is not varied causes the optical signal 
1 1 that the first output port 203f outputs to be an RZ- 
coded optical signal 11. The Mach-Zehnder interferom- 
eter 203 thus outputs the RZ-coded optical signal 1 1 as 
an optical transmission signal, suppressing degradation 
due to XPM. The simple configuration of the combina- 
tion of the phase modulator 202 and the Mach-Zehnder 
interferometer 203 implements the CS-RZ modulation 
scheme, providing a carrier-suppressed RZ-coded op- 
tical signal. Being driven by the NRZI-coded drive sig- 
nal, the phase modulator 202 does not require a large 
frequency bandwidth and does not need a high modu- 
lation voltage. The drive circuit 206 thus does not need 
to be both high-speed and have a high-voltage output, 
[0083] FIG. 12 is a diagram illustrating the configura- 
tion of the temperature control circuit 208. As shown in 
FIG. 12, the temperature control circuit 208 includes a 
phase comparator 208a and a dither signal generator 
208b. The dither signal generator 208b generates a low- 
frequency dither signal 14. The dither signal generator 
208b supplies the generated low-frequency dither signal 
1 4 to the phase comparator 208a. The dither signal gen- 
erator 208b superimposes the generated low-frequency 
dither signal 1 4 on a phase comparison output signal 1 5 
output by the phase comparator 208a. The phase com- 
parator 208a receives the electric signal 13 after con- 
version from the O/E converter 207 and receives the 
low-frequency dither signal 14 from the dither signal 
generator 208b. 

[0084] The phase comparator 208a converts the elec- 
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rfl trie signal 13 and the low-frequency dither signal 14 and 
outputs the result of the conversion as the phase com- 
parison output signal 15. The dither signal generator 
208b superimposes the low-frequency dither signal 14 
on the phase comparison output signal 1 5 output by the 
phase comparator 208a to generate a temperature con- 
trol signal 16 for the Mach-Zehnder interferometer 203. 
The temperature control circuit 208 thus uses the elec- 
tric signal 1 3 generated by the conversion of the optical 
signal 12 at the O/E converter 207 to generate the tem- 
perature control signal 16. The temperature control cir- 
cuit 208 supplies the temperature control signal 1 6 to 
the Mach-Zehnder interferometer 203 for the tempera- 
ture control of the Mach-Zehnder interferometer 203. 
10085] The optical waveguide 203d of the Mach-Zeh- 
nder interferometer 203 shown in FIG, 11 does not have 
any phase adjuster as shown in FIG. 2. The temperature 
control circuit 208 controls the temperature of the entire 
Mach-Zehnder interferometer 203. The Mach-Zehnder 
interferometer 203 may be provided inside with a phase 
adjuster, and the temperature control circuit 208 may 
control the phase adjuster. For example, in the same 
manner as in FIG. 2, the Mach-Zehnder interferometer 
203 may be provided with a heater as a phase adjuster 
in the optical waveguide 203d, and the temperature con- 
trol circuit 208 may control the temperature of the heater. 
[0086] The optical modulator 200 is provided with the 
Mach-Zehnder interferometer 203 including the first and 
second output ports 203f and 203g and the temperature 
control circuit 208 using the optical signal 12 output by 
the second port 203g for temperature control. The opti- 
cal modulator 200 may use a Mach-Zehnder interferom- 
eter 203 not including the second output port 203g, and 
the temperature control circuit 208 may perform temper- 
ature control in a manner not using the optical signal 1 2. 
The optical modulator 200 may use any temperature 
controller other than the temperature control circuit 208 
to control the temperature of the Mach-Zehnder inter- 
ferometer 203. 

[Third Embodiment] 

[0087] FIG. 1 3 is a block diagram illustrating the con- 
figuration of an optical modulator 300 according to a 
third embodiment. The optical modulator 300 includes 
an optical source 301 , a phase modulator 302, a Mach- 
Zehnder interferometer 303, an optical band-pass filter 
304, an NRZ-NRZI converter 305, a drive circuit 306, an 
O/E converter 307 and a temperature control circuit 308. 
In FIG. 1 3, the optical source 301 , phase modulator 302, 
Mach-Zehnder interferometer 303, optical band-pass fil- 
ter 304, NRZ-NRZI converter 305, drive circuit 306 and 
O/E converter 307 which are substantially Identical to 
the optical source 201 , phase modulator 202, Mach- 
Zehnder interferometer 203, optical band-pass filter 
204, NRZ-NRZI converter 205, drive circuit 206 and Of 
E converter 207 in the optical modulator 200 shown in 
FIG. 10, and will not be described herein. 



[0088] In the optical modulator 300 shown in FIG. 13, 
a light signal 12 a second output port outputs is used by 
the temperature control circuit 308 to control the tem- 
perature of the optical source 301. The Mach-Zehnder 
5 interferometer 303 includes first and second output 
ports as if the Mach-Zehnder interferometer 203 shown 
in FIG. 1 1 , so that the first port outputs an optical signal 
1 1 and the second port outputs the optical signal 1 2 that 
is used for controlling the temperature of the optical 
io source 301 . 

[0089] The temperature control circuit 308 receives 
an electric signal 13 of the converted optical signal 12 
from the O/E converter 307. The temperature control cir- 
cuit 308 uses the electric signal 13 to generate a tern- 
's perature control signal 1 7 for controlling the temperature 
of the optical source 301 . The temperature control circuit 
308 supplies the temperature control signal 1 7 to the 
optical source 301 to control the temperature of the op- 
tical source 301 . Controlling the temperature of the op- 
20 tical source 301 using the temperature control circuit 
308 allows the control of the frequency of light 1 output 
by the optical source 301 . Controlling the frequency of 
the light 1 results In the* adjustment of the above-de- 
scribed 0>. The temperature control circuit 308 is thus a 
25 frequency controller for controlling the temperature of 
the optical source 301 , controlling the frequency of the 
light 1, and thereby adjusting a phase difference 10. 
[0090] The temperatu re control circuit 308 adjusts the 
phase difference 1 0 such that the operating point of the 
30 Mach-Zehnder interferometer 303 is set to eliminate 
output when the phase of the NRZI-coded optical signal 
7 is not varied. The temperature control circuit 308 con- 
trols the temperature of the optical source 301 , control- 
ling the frequency of the optical source 301 , and thereby 
35 adjusting 0 such that the phase difference is -tc/2 when 
the phase of the NRZI-coded optical signal 7 is not var- 
ied. The optical modulator 300 is thus provided with the 
temperature control circuit 308 to adjust the phase dif- 
ference 1 0, so that the operating point of the Mach-Zeh- 
40 nder interferometer 303 is easily set such that the output 
of the optical signal 11 the first output port outputs is 
eliminated when the phase of the NRZI-coded optical 
signal 7 is not varied. 

[0091] When the temperature control circuit 308 con- 
45 trols the temperature of the optical source 301 , control- 
ling the frequency of the optical source 301 , and thereby 
adjusting the phase difference 1 0 so that the first output 
port of the Mach-Zehnder interferometer 303 is eliminat- 
ed when the phase of the NRZI-coded optical signal 7 
so is not varied, the optical signal 1 2 output by the second 
output port is maximum. Controlling the temperature of 
the optical source 301 by the temperature control circuit 
308, thereby controlling the frequency of the optical 
source 301 such that the intensity of the optical signal 
5 5 1 2 the second port outputs is maximized allows the ad- 
justment of the phase difference 10 to -n/2 when the 
phase of the NRZI-coded optical signal 7 is not varied. 
[0092] Preventing the first output port of the Mach- 
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Zehnder interferometer 303 from outputting the optical 
signal 11 when the phase-modulated NRZI-coded opti- 
cal signal 7 is not varied causes the optical signal 11 
output by the first output port to be an RZ-coded optical 
signal 11 . The Mach-Zehnder interferometer 303 thus 5 
outputs the RZ-coded optical signal 11 as an optical 
transmission signal, suppressing the degradation due 
to XPM. The simple configuration of the combination of 
the phase modulator 302 and the Mach-Zehnder inter- 
ferometer 303 implements the CS-RZ modulation 10 
scheme, providing the carrier-suppressed RZ-coded 
optical signal 11. Being driven by the NRZI-coded drive 
signal, the phase modulator 302 does not require a large 
frequency bandwidth and does not need a high modu- 
lation voltage. The drive circuit 306 thus does not need is 
to be both high-speed and have a high-voltage output. 
[0093] The configuration of the temperature control 
circuit 308 is substantially identical to the temperature 
control circuit 208 shown in FIG. 12. The phase compa- 
rator 208a performs conversion on the electric signal 1 3 20 
and a low-frequency dither signal 14 and outputs the re- 
sult of the conversion as a phase comparison output sig- 
nal 1 5. A dither signal generator 208b superimposes the 
low-frequency dither signal 1 4 on the phase comparison 
output signal 15 output by the phase comparator 208a 25 
to generate a temperature control signal 1 7 to the optical 
source 301 . The optical modulator 300 may use any oth- 
er temperature controller instead of the temperature 
control circuit 308 to control the temperature of the op- 
tical source 301 . The optical modulator 300 may also 30 
use any other method apart from controlling the temper- 
ature of the optical source 301 to control the frequency 
of the optical source 301 . 

[Fourth Embodiment] 35 

[0094] FIG. 1 4 is a block diagram illustrating the con- 
figuration of an optical modulator 400 according to a 
fourth embodiment. The optical modulator 400 includes 
a plurality of optical sources 401a and 401b, a plurality *o 
of phase modulators 402a and 402b, a Mach-Zehnder 
interferometer 403, an optical comb filter 404, a plurality 
of NRZ-NRZI converters 405a and 405b, a plurality of 
drive circuits 406a and 406b, and an MUX 407. Although 
FIG. 14 shows the two optical sources 401a and 401b, *s 
the two phase modulators 402a and 402b, the two NRZ/ 
NRZI converters 405a and 405b, and the two drive cir- 
cuits 406a and 406b, any number of each of these com- 
ponents may be used ,if greater than one. 
[0095] in FIG. 14, the optical sources 401 a and 401b, so 
NRZ/NRZI converters 405a and 405b and drive circuits 
406a and 406b are substantially identical to the optical 
source 101, NRZ/NRZI converter 105 and drive circuit 
106 in the optical modulator 100 shown in FIG. 1, and 
will not be described herein. ss 
[0096] The phase modulators 402a and 402b each 
modulate the phase of light 1 with an NRZI-coded drive 
signal 6 like the phase modulator 1 02 of the optical mod- 



ulator 1 00 shown in FIG. 1 . The phase modulators 402a 
and 402b supply NRZI-coded optical signals 7 obtained 
by the phase modulation to the MUX 407. 
[0097] The MUX 407 performs wavelength-multiplex- 
ing on the NRZI-coded optical signals 7 received from 
the phase modulators 402a and 402b. The MUX 407 
supplies an optical signal 18 obtained by wavelength- 
multiplexing the optical signals 7 to the Mach-Zehnder 
interferometer 403. 

[0098] The Mach-Zehnder interferometer 403 modu- 
lates the intensities of the optical signals 7 contained in 
the optical signal 18 obtained by wavelength-multiplex- 
ing of the optical signals 7, received from the MUX 407. 
As shown in FIG. 3, the optical transmittance of the 
Mach-Zehnder interferometer 403 periodically varies 
with respect to the optical frequency. The Mach-Zeh- 
nder interferometer 403 thus periodically performs in- 
tensity modulation in the valley of the waveform shown 
in FIG. 3. The single Mach-Zehnder interferometer 403 
modulates the intensities of the optical signals 7 con- 
tained in the optical signal 18 obtained by wavelength- 
multiplexing of the optical signals 7 at respective inter- 
vals. The frequency interval of a wavelength-multi- 
plexed signal is set at an integral multiple of the FSR of 
the Mach-Zehnder interferometer 403. The Mach-Zeh- 
nder interferometer 403 modulates the intensities of the 
optical signals 7 to output a plurality of RZ-coded optical 
signals 11 like the Mach-Zehnder interferometer 1 03 of 
the optical modulator 100 shown in FIG. 1. The Mach- 
Zehnder interferometer 403 supplies the optical signals 
11 obtained by the intensity modulation to the optical 
comb filter 404 which periodically passes signals with a 
plurality of wavelengths. 

[0099] In order for the Mach-Zehnder interferometer 
403 to modulate the intensities of the optical signals 7 
contained in the wavelength-multiplexed optical signal 
18 at respective intervals, the delay of a second optical 
signal 9 from a first optical signal 8 in the Mach-Zehnder 
interferometer 403 should be equal to or less than 1 bit. 
The Mach-Zehnder interferometer 403 delays the sec- 
ond optical signal 9 by 1 bit or less as compared with 
the first optical signal 8. More specifically, the Mach- 
Zehnder interferometer 403 sets AL to satisfy Equation 
(3) and sets the FSR at the inverse 1/T of a time slot T 
of a 1 -bit time slot of the data signal 2 or the inverse 1/T 
of a time slot V less than the 1 -bit time slot. In this man- 
ner, the Mach-Zehnder interferometer 403 delays the 
second optical signal 9 by 1 bit or less as compared with 
the first optical signal 8. 

[0100] Since the optical modulator 400 includes the 
optical sources 401 a and 401 b, phase modulators 402a 
and 402b, optical comb filter 404, NRZ/NRZI converters 
405a and 405b, drive circuits 406a and 406b and MUX 
407, the intensities of the optical signals 7 wavelength- 
multiplexed by the MUX 407 can be modulated by the 
single Mach-Zehnder interferometer 403. This leads to 
a reduction in the size and cost of the optical modulator 
400. 
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j [Fifth Embodiment] 

[0101] The optical spectrum of the optical signal 11 
obtained by the optical modulation method using the op- 
tical modulator 100, 200, 300 or 400 shown in FIGS. 1 , 
10, 13 or 14 has the optical carrier frequency sup- 
pressed as shown In FIG. 7. This is used to shift the 
center frequency of the optical band-pass filter 1 04, 204 
or 304 or the optical comb filter 404 from the frequency 
of the light 1 output by the optical source 1 01 , 201 , 301 , 
401a or 401b. This allows the optical band-pass fitter 
104, 204 or 304 or the optical comb filter 404 to pass 
one sideband of the modulated spectral sidebands more 
than the other sideband for extraction. 
[01 02) For example, the optical band-pass fitter 1 04, 
204 or 304 or the optical comb filter 404 passes the up- 
per sideband more than the lower sideband for extrac- 
tion. This allows the optical modulator 100, 200, 300 or 
400 to perform facilitated modulation In a Single Side- 
Band scheme (hereinafter referred to as M SSB 
scheme"). The optical modulator 100, 200, 300 or 400 
using the SSB modulation scheme as a modulation 
scheme for dense wavelength division multiplexing us- 
es a bandwidth of half the bandwidth used in the DSB 
modulation scheme, achieving approximately twice the 
transmission capacity. The optical modulator 100, 200, 
300 or 400 receives less effect of optical fiber chromatic 
dispersion because of the narrowed spectrum width of 
the optical signal. 

[0103] The above description of the optical modula- 
tors according to the embodiments of the present inven- 
tion is not intended to limit the present invention thereto. 
For example, the Mach-Zehnder interferometers 103, 
203, 303 and 403 may include Y-branches instead of 
directional couplers. In the case of Y-branches, the 
phase difference 1 0 between the first and second optical 
signals 8 and 9 transmitted through the two optical 
waveguides should be adjusted to n so as to cause elim- 
ination of the output of the Mach-Zehnder interferom- 
eters 103, 203, 303 and 403. The phase difference 10 
to cause elimination of the output of the Mach-Zehnder 
interferometers 103, 203, 303 and 403 depends on the 
configurations of the Mach-Zehnder interferometers 
103, 203, 303 and 403. 

[0104] The optical modulator may use a Mach-Zeh- 
nder interferometer of a bulk optical system as the 
Mach-Zehnder interferometer 1 03, 203, 303 or 403. The 
optical modulator may use any modulator other than a 
Mach-Zehnder interferometer as an intensity modulator. 
Although the degree of phase modulation of the phase 
modulators 102, 202, 302 and 402 is set at n for con- 
venience of description, the value may be any in a range 
not exceeding n to obtain the RZ-coded optical signal 
11. Although the optical modulators 100, 200, 300 and 
400 include the NRZ-NRZI converters 105, 205, 305, 
405a and 405b, the NRZ-NRZI converters may be omit- 
ted If the data signal 2 supplied to the optical modulators 
has an NRZI code. 



[0105] Additional advantages and modifications will 
readily occur to those skilled in the art. Therefore, the 
invention in its broader aspects is not limited to the spe- 
cific details and representative embodiments shown 
and described herein. Accordingly, various modifica- 
tions may be made without departing from the spirit or 
scope of the general inventive concept as defined by the 
appended claims and their equivalents . 



Claims 

1 . An apparatus for optical modulation, comprising: 

15 a phase modulator configured to drive light with 

an NRZI-coded drive signal for phase modula- 
tion; and 

an intensity modulator to modulate the intensity 
of a phase-modulated NRZI-coded optical sig- 
20 nal received from said phase modulator, with 

an operating point set such that the output of 
said intensity-modulated optical signal is elim- 
inated when said NRZI-coded optical signal is 
not varied. 

25 

2. The apparatus of claim 1 wherein: 

said intensity modulator splits an optical signal 
received from said phase modulator into a first 
30 optical signal and a second optical signal and 

combines said first and second optical signals 
for output; and 

a phase difference between said first and sec- 
ond optical signals is adjusted to set the oper- 
35 ating point of said intensity modulator. 

3. The apparatus of claim 2, wherein said intensity 
modulator comprises a phase adjuster to adjust 
said phase difference, between said first and sec- 

*o ond optical signals. 

4. The apparatus of claim 2, further comprising a tem- 
perature controller to control the temperature of 
said intensity modulator, and adjust said phase dif- 

45 ference. 

5. The apparatus of claim 4 wherein: 

said Intensity modulator comprises a first out- 
50 put port to output an intensity-modulated opti- 

cal signal, and a second output port to output 
an optical signal complementary to an optical 
signal supplied to said first port; and 
said temperature controller generates a tem- 
55 perature control signal based on an optical sig- 

nal output by said second output port to control 
the temperature of said intensity modulator with 
said temperature control signal. 
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s 6. The apparatus of claim 2, further comprising a fre- 
quency controller to control the frequency of light 
supplied to said phase modulator, and adjust said 
phase difference. 

7. The apparatus of claim 6, wherein said frequency 
controller controls the temperature of an optical 
source of said light to control the frequency of light. 

8. The apparatus of claim 7 wherein: 

said intensity modulator comprises a first out- 
put port to output an intensity-modulated opti- 
cal signal and a second output port to output an 
optical signal complementary to an optical sig- 
nal supplied to said first output port; and 
said frequency controller generates a temper- 
ature control signal based on an optical signal 
output by said second output port to control the 
temperature of said optical source with said 
temperature control signal. 

9. The apparatus of claim 2 wherein: 

said intensity modulator includes a first output 
port to output an intensity-modulated optical 
signal and a second output port to output an 
optical signal complementary to an optical sig- 
nal supplied to said first output port; and 
the operating point of said intensity modulator 
is set so as to maximize the intensity of an op- 
tical signal output by said second output port. 

10. The apparatus according to any preceding claim, 
further comprising an NRZ/NRZI converter to con- 
vert an NRZ-coded signal into said NRZI-coded sig- 
nal. 

11. The apparatus of any preceding claim, further com- 
prising an optical band-pass filter configured to nar- 
row the spectrum of an optical signal output by said 
intensity modulator. 

12. The apparatus of claim 11, wherein said optical 
band-pass fitter passes both modulated spectral 
sidebands of said optical signal. 
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driving, at a phase modulator, light with an NR- 
ZI-coded drive signal for phase modulation; 
modulating, at an intensity modulator, the inten- 
sity of a phase-modulated NRZI-coded optical 
signal received from said phase modulator; and 
eliminating the output of an optical signal inten- 
sity-modulated at said intensity modulator 
when said NRZI-coded optical signal is not var- 
ied. 

16. The method of claim 15 wherein: 

said phase-modulated optical signal is split into 
a first optical signal and a second optical signal 
and said first and second optical signals are 
combined for output at said intensity modulator 
for intensity modulation; and 
said eliminating the output of an optical signal 
intensity-modulated is produced by adjusting 
the phase difference between said first and 
second optical signals. 



17. The method of claim 16, wherein said adjustment 
of phase difference is performed at a phase adjuster 
25 included in said intensity modulator. 



18. The method of claim 16, wherein said adjustment 
of phase difference is performed by controlling the 
temperature of said intensity modulator. 

19. The method of claim 16, wherein said adjustment 
of phase difference is performed by controlling the 
frequency of light received at said phase modulator. 



30 



35 20. The method of claim 1 6 wherein: 



at said intensity modulator, an intensity-modu- 
lated optical signal is supplied to a first output 
port and an optical signal complementary to an 
optical signal supplied to said first output port 
is supplied to a second output port; and 
the eliminated output of said optical signal is 
produced by maximizing the intensity of an op- 
tical signal output by said second output port. 
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13. The apparatus of claim 11, wherein said optical 
band-pass filter passes one sideband of said mod- 
ulated spectral sidebands of said optical signal so 
more than the other sideband. 

14. The apparatus according to any preceding claim, 
wherein said intensity modulator modulates the in- 
tensities of a plurality of phase-modulated NRZI- ss 
coded optical signals. 

15. A method of optical modulation, comprising: 
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(54) Apparatus and method for optical modulation 



(57) An optical modulator (100) includes a phase 
modulator (102) configured to drive light with an IMRZI- 
coded drive signal for phase modulation and an intensity 
modulator (103) to modulate the intensity of a phase- 



modulated NRZI-coded optical signal received from the 
phase modulator (1 02). The operating point of the inten- 
sity modulator (103) is set such that the output of the 
intensity-modulated optical signal is eliminated when 
the NRZI-coded optical signal is not varied. 
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